Geometrically anisotropic GaSb/GaAs quantum dots ͑QDs͒ that are elongated along the ͓110͔ direction are embedded in the vicinity of a modulation-doped AlGaAs/GaAs heterointerface. At 4.2 K, the electron mobilities ʈ and Ќ , which are parallel and perpendicular to the QD elongation axis, respectively, are systematically investigated as a function of the electron concentration N S by both experimental measurements and theoretical simulations. In the experiments, the mobility ratio ʈ / Ќ increased with increasing N S . The mobility anisotropy, attributed to the anisotropic scattering potential of the elongated GaSb QDs, is calculated under the theoretical model of a rectangular scattering potential of GaSb QDs.
Self-assembled III-V semiconductor quantum dots ͑QDs͒ grown by molecular beam epitaxy ͑MBE͒ have drawn much attention due to their promising applications in electrooptical quantum devices [1] [2] [3] and their importance in fundamental physical research. [4] [5] [6] One research interest is to combine these self-assembled QDs ͑SAQDs͒ with the high electron mobility transistor ͑HEMT͒ in order to explore the possibility of creating quantum devices. In this regard, the localized scattering effects of QDs on the transport of the nearby two-dimensional electron gas ͑2DEG͒ become a research focus. [7] [8] [9] [10] [11] [12] To date, however, studies concerning 2DEG and QDs are mostly concentrated on the effects of isotropic scattering on the transport properties of 2DEG, which are based on the fact that SAQDs usually offer either an isotropic long-ranged Coulomb potential due to trapped electrons 9, 10 or a symmetric short-range potential without trapped carriers due to type-II band alignment. 11, 12 Thus, this study aims to provide evidence for the anisotropic transport phenomenon of 2DEG when the anisotropic scattering potential is intentionally introduced. Actually, the anisotropic transport properties of 2DEG have been reported in modulation-doped Al 0.3 Ga 0.7 As/ GaAs heterojunction, with a tilted GaAs substrate 13 and an in-plane superlattice structure, 14 where the origins of anisotropic conductivities were, respectively, attributed to directional step potential and anisotropic effective mass distribution. Although asymmetrical InAs QDs have been reported by several researchers, 15, 16 actual anisotropic transport in a type-I InAs/GaAs QDs and 2DEG system is rarely found in the literature.
In this study, we investigate the transport properties of modulation-doped AlGaAs/GaAs heterostructures where geometrically anisotropic GaSb QDs, elongated along the ͓110͔ direction, are embedded in a plane apart from the AlGaAs/GaAs heterointerface. At 4.2 K, remarkable anisotropic electron mobilities were observed between ʈ and Ќ , which were, respectively, parallel and perpendicular to the ͓110͔ direction, especially at higher electron concentration ͑N S ͒. Based on the anisotropic transport model deduced from the standard linearized Boltzmann equation, the anisotropy of mobility can be attributed to the short-range scattering mechanism of the asymmetrical GaSb QDs.
Selectively doped n-type Al 0.3 Ga 0.7 As/ GaAs heterostructures with embedded GaSb QDs ͑sample S1͒ were grown by MBE on a ͑001͒ semi-insulated GaAs substrate ͑without nominal misorientations͒ with a 20-nm-thick undoped AlGaAs spacer layer, as schematically depicted in Fig.  1͑a͒ . Self-assembled GaSb QDs were grown using StranskiKrastanow ͑S-K͒ mode 20 nm beneath the plane of the electron channel located at the AlGaAs/GaAs heterointerface. By carefully controlling the Sb 4 beam flux and the As 4 background pressure, geometrically elongated GaSb QDs can be produced.
17 Figure 1͑b͒ shows the atomic force microscopic ͑AFM͒ image of the top-grown GaSb QDs synthesized under the same conditions as the embedded dots. As observed, the in-plane shape of GaSb QDs appears rectangular with round edges and the dots exhibit a consistent elongation along the ͓110͔ direction. By estimation from the AFM images, these a͒ Electronic mail: jiangch@nanoctr.cn. 1/2 is 40 nm with a standard deviation S of 7 nm. The asymmetry, defined as = ͑L−W͒ / ͑L+W͒, is 0.14, with a standard deviation of 0.07. A reference sample, labeled as S2, with the same structure as S1 except that no GaSb QDs were grown, was also prepared for comparison.
Two sets of Hall bars, as shown in the inset of Fig. 2͑a͒ , along both the ͓110͔ and ͓110͔ directions, were processed separately based on the same wafer for both the QD sample S1 and the reference sample S2 using standard wet chemical etching and photolithography. 12 At the liquid helium temperature of 4.2 K, the N S and the Hall mobilities ʈ and Ќ were measured at various gate voltages V g with an injection current of 10 nA. Figure 2͑a͒ shows the N S dependence on V g for sample S1 with two Hall bars along the ͓110͔ and ͓110͔ direction. Note that the normal features 18 of an AlGaAs/GaAs field effect transistor are obtained, i.e., a linear dependence of N S on V g when V g is low followed by a saturation when V g is higher. The small shift in voltage and the slightly distinct maximum N S along the two crystal directions, presented in Fig. 2͑a͒ , could be induced by the sample processing.
The Hall mobilities ʈ and Ќ for both the QDs sample S1 and the reference sample S2 measured at 4.2 K are plotted as functions of N S in Fig. 2͑b͒ . First, the N S dependence of mobilities ʈ ͓solid squares in Fig. 2͑b͔͒ and Ќ ͓solid circles in Fig. 2͑b͔͒ for the reference sample S2 is almost the same, and is consistent with the known power law ͑ ϰ N S ␥ ͒ with ␥ Ϸ 1.16. This value is smaller than that found in Ref. 19 , where the transport mobility of the HEMT is limited by the scattering of ionized impurities. The smaller value of ␥ found in our study may be due to the involvement of interface roughness scattering, in which case the mobility has a negative dependence on N S . 20 Second, the ʈ and Ќ of S1
͓half filled circles in Fig. 2͑b͔͒ show a remarkable anisotropic behavior with an increase in N S . At low 2DEG concentrations ͑N S Ͻ 2.0ϫ 10 11 cm −2 ͒, ʈ has almost the same value as Ќ , whereas at higher N S , ʈ is much larger than Ќ , and the mobility discrepancy between the two directions becomes larger with increasing N S . However, for reference sample S2, within the measurement errors, no obvious mobility difference between ʈ and Ќ was observed within the whole N S measurement range, indicating that neither the microscopic asymmetrical structure nor the anisotropic effective mass distribution, which were discussed in Refs. 13 and 14, respectively, are the main reasons for the anisotropic mobility observed in QD sample S1.
On the other hand, as shown in Fig. 2͑b͒ , the ʈ and Ќ of the QD sample S1 are smaller than those of reference sample S2, which indicates that the GaSb QDs play a significant role in the electron scattering. Therefore, the anisotropic transport between ʈ and Ќ shown in QD sample S1 can be attributed to the geometrically elongated GaSb QDs. Assuming that the GaSb QDs were the sole cause of the differences in scattering rates between S1 and S2, the mobility caused by the QD scattering can be extracted using the Matthiessen's rule, as discussed in Ref. 12 . The obtained mobilities ʈ-dots and Ќ-dots are plotted as functions of N S in Fig. 2͑c͒ . As seen in Fig. 2͑c͒ , the discrepancy between ʈ-dots and Ќ-dots is becoming large with the increase in N S . By the method of numerical interpolation, as shown by the solid lines in Fig. 2͑c͒ , we calculated the ratios of ʈ-dots to Ќ-dots in the whole range of N S , as plotted by the solid squares in Fig. 3 . As shown in Fig. 3 , the ratio of ʈ-dots / Ќ-dots is near unity when N S Ͻ 2.0ϫ 10 11 cm −2 and becomes approximately 2 as N S increases to 3.5 ϫ 10 11 cm −2 . By analyzing the scattering model of geometrically anisotropic GaSb QDs, we have established a quantitative correlation between the model calculation and the experimental results. The anisotropic transport properties can be deduced from the standard linearized Boltzmann equation for 2DEG under a uniform electric field E ៝ ,
where f 0 is the Fermi distribution function at equilibrium state, k is the energy of an electron with a wave number k ៝ , and e and ប are the elemental charge and reduced Plank constant, respectively. The function f 1k is the change in the distribution function f k caused by the electric field to a linear order and Q ͑k ៝ , k ៝ Ј͒ is the elastic scattering probability from state k ៝ to state k ៝ Ј.
Considering the asymmetrical GaSb QDs embedded near the AlGaAs/GaAs heterointerface, the scattering potential of GaSb QDs can be calculated along the long ͓110͔ axis and short ͓110͔ axis, respectively. We choose the elongation direction ͓110͔ as the x axis, as shown in the inset of Fig. 3 . In Cartesian coordinates, the scattering probability Q͑␣ , 
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where ␣ , ␤ are the angles of k ៝ and k ៝ Ј with respect to the x axis, respectively, and the bra ͗␣͉ denotes the plane wave
a two-dimensional area of A. N dots and Û are the density and the scattering potential of GaSb QDs, respectively. ͑q͒ is the dielectric function introduced when the screening effect is taken into account and q = ͉k ៝ Ј− k ៝ ͉ = ͉2k sin͑ / 2͉͒ is the wave-vector difference before and after each elastic scattering. Due to the periodicity of the scattering probability, Q͑␣ , ␤͒ is rewritten in terms of q and the angle between q ៝ and the x axis, and later expanded in the Fourier series with Q 0 and Q 1 being the coefficients of the first and the second order terms, respectively. The higher order Fourier series Q n ͑n Ͼ 1͒ are truncated because their values are much smaller than the terms ͑n =0͒ and n = 1. Then, the dots-originated transport relaxation times xx and yy , which are the relaxation times parallel and perpendicular to the elongation direction ͓110͔ of GaSb QDs, can be given by
where the upper and lower signs correspond to xx and yy , respectively. Finally, the dots-originated transport mobilities xx and yy , can be obtained using the Drude formula xx͑yy͒ = e xx͑yy͒ / m ‫ء‬ .
Using Eqs. ͑2͒ and ͑3͒, the calculated results were compared with the experimental data ʈ-dots / Ќ-dots , as shown in Fig. 3 . The solid lines in this figure show the N S dependence of the calculated mobility ratio xx / yy for different values of L and W. Note that the experimental mobility ratios can be fitted well when L and W are equal to 48 nm and 30 nm, respectively, values that are near their experimental average values shown in Fig. 1͑b͒ .
This calculation of the anisotropic mobility is based on the assumptions that each elongated GaSb QD presents a sharp rectangular barrier potential and that weak correlations exist among the different scattering events due to the relatively small density of QDs. 12 However, when the density of QDs is large ͑e.g., N dots Ͼ 10 11 cm −2 ͒, the size distribution of GaSb QDs and the correlation effects of the different scattering events must be taken into account. 11 Hence, the anisotropic transport property may be explained by considering an anisotropic correlation length. In addition, the lattice strain in or around the SAQDs may also contribute electron scattering effects to the 2DEG, as discussed in Ref. 22 . However, we believe that the change in electronic state in and around the dots plays a significant important role in the electron scattering process. No matter which mechanism is accounted for, the anisotropic transport results reported here cannot be explained without taking into account the effect of the anisotropic scattering potential of the geometrically elongated GaSb QDs.
In summary, we have observed the anisotropic transport mobility of a n-type modulation-doped AlGaAs/GaAs 2DEG, which was related to the anisotropic scattering potential of the nearby-embedded geometrically elongated GaSb QDs. The ratio of ʈ and Ќ , parallel and perpendicular to the elongation direction of GaSb QDs, is close to unity when the electron concentration is low and rises approximately to 2 when the electron concentration is higher. Based on the linearized Boltzmann equation, the calculated anisotropic transport mobility can be fitted to the experimental results by assuming that the barriers of GaSb QDs are rectangular. 
